Rationale: Alternans is a risk factor for cardiac arrhythmia, including atrial fibrillation. At the cellular level alternans manifests as beat-to-beat alternations in contraction, action potential duration (APD) and magnitude of the Ca 2+ transient (CaT). Electromechanical and CaT alternans are highly correlated, however it has remained controversial whether the primary cause of alternans is a disturbance of cellular Ca 2+ signaling or electrical membrane properties.
INTRODUCTION
Cardiac alternans is a recognized risk factor for cardiac arrhythmia, including atrial fibrillation [1] [2] [3] , and sudden cardiac death 4, 5 . T-wave alternans in the electrocardiogram, corresponding to beat-to-beat alternations in ventricular repolarization, has become a prognostic tool for arrhythmia risk stratification and guidance of antiarrhythmic therapy 6, 7 . At the cellular level cardiac alternans is defined as cyclic, beat-tobeat variations in contraction amplitude (mechanical alternans), action potential duration (APD or electrical alternans) and cytosolic Ca 2+ transient (CaT) amplitude at constant stimulation frequency (e.g. 8 ). A plethora of experimental conditions and interventions have been demonstrated to cause and modulate cardiac alternans, suggesting a multifactorial process (for reviews see [9] [10] [11] [12] [13] [14] ). In cardiac myocytes the beat-to-beat regulation of cytosolic calcium ([Ca 2+ ] i ) and membrane potential (V m ) is bi-directionally coupled and involves complex feedback mechanisms, often mediated by Ca 2+ -dependent membrane conductances, that link these two parameters. It is generally agreed that this relationship represents a key causative factor for electromechanical and CaT alternans (summarized e.g. in 9 ). The question whether V m → [Ca 2+ ] i or [Ca 2+ ] i →V m coupling is the primary underlying mechanism for alternans has been addressed almost exclusively in ventricular myocytes, but not in atria. It was suggested that at high stimulation rates V m alternations are determined by APD restitution and is an underlying cause for the development of alternans (V m →[Ca
2+
] i ) 15 . APD restitution refers to the APD dependence on the preceding diastolic interval and, if this relationship is steep enough, self-sustaining oscillations of APD can occur [16] [17] [18] [19] [20] . In this case the timedependent recovery of ion channels from inactivation, in particular recovery of L-type Ca 2+ channels (LCC), has been hypothesized as a causative factor for the generation of alternans 17, 21, 22 . Conversely, other studies demonstrated a poor relationship between experimentally determined APD restitution kinetics and occurrence of alternans [23] [24] [25] [26] , and it was suggested that disturbances in beat-to-beat Ca 2+ cycling constitute the main cause of cardiac alternans ([Ca 2+ ] i →V m ) 22, [27] [28] [29] [30] . In this case V m is determined by the effect and consequences of [Ca 2+ ] i dynamics, Ca In light of these unresolved issues we set out to determine the detailed effects of AP morphology on the occurrence of CaT alternans in atrial myocytes where V m ↔[Ca
] i coupling has not been investigated systematically despite the fact that atrial fibrillation is the most common cardiac arrhythmia 31 and has been causally linked to alternans [1] [2] [3] 32 . While it is anticipated that mechanisms of alternans in atrial and ventricular cells share similarities, significant differences are also expected. Atrial and ventricular cells exhibit distinctive differences in Ca 2+ cycling during excitation-contraction coupling (ECC) due to the lack of or poor development and irregular organization of transverse (t)-tubules [33] [34] [35] and higher SERCA activity [36] [37] [38] in the atria. Computer simulations using cell models with and without t-tubules have predicted significant differences in possible alternans mechanisms [39] [40] [41] . This has potentially important ramifications for the understanding of Ca 2+ cycling, ECC and arrhythmic disturbances in cardiac disease. Ventricular myocytes from diseased heart (myocardial infarction, heart failure, atrial fibrillation) often undergo a dramatic loss and disruption of the t-tubule system [42] [43] [44] [45] and become functionally and structurally reminiscent of atrial cells. In addition to the differences in t-tubule system, atrial and ventricular cells also contain unique sets of ion channels 46, 47 leading to distinctive AP morphology and Ca ] i coupling, we have combined [Ca 2+ ] i measurements with the voltage clamp technique and subjected cardiac myocytes to a number of different voltage clamp protocols, including AP-clamp protocols in form of constant shape APs or APD alternans. To compare alternans mechanisms in atrial and ventricular cells analogous experiments using the same experimental conditions were performed on ventricular myocytes as well. In summary, the data reveal that 1) CaT alternans in atrial myocytes can develop in the absence of APD alternans; 2) alternans AP clamp protocol do not lead obligatorily to CaT alternans; 3) when alternans AP voltage clamp induced CaT alternans, large amplitude CaTs were observed coinciding with AP waveforms that were recorded previously during both, a small amplitude as well as a large amplitude of alternating CaTs; 4) suppression of Ca 2+ release from sarcoplasmic reticulum (SR) abolishes APD alternans; and 5) atrial cells exhibit more pronounced APD alternans than ventricular cells. These data show that atrial and ventricular myocytes share similarities with respect to alternans mechanisms but also exhibit important differences, and the role of V m →[Ca
] i coupling for the generation of electromechanical alternans is likely secondary to the disturbances in Ca 2+ signaling.
METHODS
Detailed methods are provided in the Online Supplement.
Cell isolation.
Ventricular and atrial myocytes were enzymatically isolated from New Zealand White rabbits via Langendorff perfusion. All procedures and protocols involving animals conform to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, and were approved by the Institutional Animal Care and Use Committee.
Electrophysiological measurements.
Electrophysiological recordings were made in the ruptured whole-cell patch clamp configuration using an Axopatch 200A patch-clamp amplifier. For AP measurements the whole-cell current clamp mode was used. For I LCC measurements membrane currents were elicited by 100 ms depolarization steps to 0 mV from a holding potential of -50 mV. For AP-clamp experiments voltage commands were derived from previously recorded atrial or ventricular AP-waveforms. ] i are expressed as changes of R=F 410 /F 485 . CaT alternans was induced by increasing the pacing frequency until stable CaT alternans was observed. The degree of CaT alternans was quantified as the alternans ratio (AR), defined as AR=1-CaT Small /CaT Large , where CaT Small and CaT Large are the small-and large-amplitude CaTs from a pair of alternating CaTs. All experiments were carried out at room temperature (20-22˚C) .
Cytosolic

RESULTS
Beat-to-beat AP morphology during CaT alternans.
Alternans was induced by incrementally increasing the rate of electrical pacing of current-clamped myocytes. Increasing the pacing rate eventually led to the simultaneous onset of beat-to-beat alternations in both CaT amplitude and AP morphology (the threshold frequencies where alternans was induced are summarized in Supplemental Figure I ). Fig. 1 shows examples of simultaneous recordings of APs and CaTs from single atrial (Fig. 1A) and ventricular (Fig. 1C) cells. In all cells tested the onset of APD alternans coincided in time with the onset of CaT alternans. Figs. 1B and 1D show superimposed APs recorded simultaneously with large (AP CaT_Large ) and small (AP CaT_Small ) amplitude CaTs from atrial and ventricular cells. The AP waveforms shown here reflect an average of three consecutive AP recordings. In both atrial and ventricular cells, AP CaT_Small exhibited a more pronounced plateau phase followed by steeper repolarization compared to AP CaT_Large . APD at 30, 50 and 90% repolarization (APD30, APD50 and APD90) for AP CaT_Large and AP CaT_Small were compared. AP CaT_Small increased in duration at APD30 and shortened at APD90 level. While changes in APD50 were small, the majority of atrial and ventricular cells exhibited a slightly wider APD50 during the small amplitude CaT. In atrial myocytes exhibiting an average CaT alternans ratio (AR) of 0.64 ± 0.04, APD30 CaT_Small and APD50 CaT_Small increased by 86 ± 11 and 26 ± 8%, respectively, while APD90 CaT_Small decreased by 12 ± 5% (n=14). In ventricular myocytes CaTs alternated with an average AR of 0.55 ± 0.09. APD30 CaT_Small and APD50 CaT_Small increased by 32 ± 6% and 3 ± 3%, respectively, and APD90 CaT_Small shortened by 8 ± 3% (n=10).
In both atrial and ventricular myocytes, changes in APD correlated with the CaT AR, indicating a tight link between APD and CaT alternans. For each cell tested, APD CaT_Small /APD CaT_Large ratios were plotted versus AR of the CaTs and fitted with a linear regression function to help categorize the data. Fig. 2 shows that for APD30 and APD50, APD CaT_Small /APD CaT_Large ratios increased with increasing AR, whereas for APD90 the APD CaT_Small /APD CaT_Large ratio slightly decreased in both atrial ( Fig. 2A) and ventricular ( In conclusion, the onset and progression of APD alternans in cardiac myocytes correlated with the alternation in [Ca 2+ ] i in time and magnitude. AP CaT_Small recorded during a small amplitude alternans CaT exhibited a more prominent plateau phase and showed faster repolarization resulting in an increase of APD30 and APD50, and a shortening of APD90. The most pronounced beat-to-beat alternation was observed at APD30 level in both atrial and ventricular cells. Thus, while qualitative changes in APDs at different degrees of repolarization were the same in atrial and ventricular cell, overall the beat-to-beat differences in APD were clearly more pronounced in atrial myocytes.
Ca
2+ transients are not driven by the changes in AP morphology.
To gain further insight whether cardiac alternans is driven by disturbances of electrical membrane properties and alternating changes in inherent AP characteristics (V m →[Ca In the first set of experiments, cells were paced by a series of AP-waveform commands of the same shape (AP CaT_Large -AP CaT_Large and AP CaT_Small -AP CaT_Small pacing protocols) and under these conditions membrane voltage was identical from beat-to-beat. Both AP CaT_Large -AP CaT_Large and AP CaT_Small -AP CaT_Small pacing protocols induced CaT alternans in atrial (n=9; Fig. 3A ,B) and ventricular myocytes (n=10; Fig. 3C,D) . The pacing rates required to induce CaT alternans with these protocols varied from 1 to 1.6 Hz (see also Suppl. Fig. I for average alternans induction thresholds) and thus, were in a similar range as in current clamp experiments (Fig. 1) . These data indicate that beat-to-beat alternation in the intracellular Ca 2+ release does not require APD alternans and are consistent with previous findings in isolated ventricular myocytes 29, 30 .
Here it is demonstrated that atrial cells exhibit similar behavior and CaT alternans can develop independently of membrane voltage and in the absence of APD alternans.
In the next set of experiment a true 'alternans AP clamp' (AP CaT_Large -AP CaT_Small ) protocol was applied. When pacing frequency was reduced below alternans inducing threshold CaT alternans disappeared despite the alternating AP voltage commands (Fig. 4 A,B) in both atrial and ventricular myocytes. At higher pacing frequencies (ranging from 1 to 1.8 Hz in atrial and from 0.8 to 1.6 Hz in ventricular myocytes; see also Suppl. Fig. I ) CaT alternans could be elicited reliably (Fig. 4 C,D) . We analyzed how the amplitude of the CaTs correlated with AP CaT_Large or AP CaT_Small voltage pacing commands during the alternans AP clamp protocol. For this discussion we refer to the situation where the AP CaT_Large elicited a large amplitude CaT and the AP CaT_Small triggered a small amplitude CaT as "in-phase", whereas the coincidence of AP CaT_Small and large amplitude CaT (and vice versa) is termed "out-of-phase". While "out-of-phase" alternans was observed in both atrial and ventricular myocytes, atrial cells revealed a higher propensity of "in-phase" alternans compared to ventricular cells (Fig. 4E) . In ventricular myocytes out of 15 cells tested, in 4 cells CaT alternans was exclusively "in-phase", 9 cells exhibited both "in-phase" and "out-of-phase" alternans, and in two cells only "out-of-phase" alternans was observed, thus no clear tendency in favor of "in-phase" versus "out-of-phase" alternans could be identified. In contrast, in 8 atrial cells only "in-phase" CaT alternans was observed and 6 cells exhibited both "in-phase" and "out-of-phase" alternans, whereas no atrial cells that would develop exclusively "out-of-phase" alternans were observed (total n=14 cells).
In summary, our data show that under voltage-clamp conditions CaT alternans develop in the absence or presence of APD (or electrical) alternans. Furthermore, CaT alternans can develop irrespective of AP dynamics and can be "in-phase" or "out-of-phase" as defined above. In addition, CaT alternans can even be absent despite APD alternans. These data are strong indication that CaT alternans results from intrinsic properties of intracellular Ca 2+ handling, and changes in APD alone are not sufficient to cause CaT alternans. Thus, the results strongly support a [Ca 2+ ] i →V m coupling paradigm for the genesis of electromechanical alternans. Furthermore, at first approximation atrial and ventricular cells behaved similarly during alternans AP clamp experiments: both cell types revealed "in-phase" and "out-of-phase" alternans, however there were subtle differences in the relative frequency and prevalence of the two forms of alternans.
Changes in L-type Ca 2+ current are not required for CaT alternans.
It has been suggested that APD alternans and alternations in AP morphology might reflect beat-to-beat changes in I LCC [48] [49] [50] . Since we observed the largest beat-to-beat APD variability at APD30, i.e. at a voltage near the plateau phase of the AP (Fig. 1) where I LCC contributes to AP morphology, the hypothesis was tested whether beat-to-beat changes in I LCC are required for the induction of CaT alternans. For reasons of comparison between atrial and ventricular cells identical experiments were performed in both cell types. Figure 5A shows simultaneous recordings of I LCC and CaTs in a voltage-clamped ventricular myocyte. I LCC was activated by a 100 ms voltage step from a holding potential of -50 mV to 0 mV. Peak I LCC was measured as the difference between the peak of the inward current and the current level at the end of 100 ms pulse. The stimulation rate varied from 1.3 Hz to 2 Hz to initiate CaT alternans and the average threshold frequency was slightly higher than in current-and AP-clamp experiments (Suppl. Fig. I ). In the example shown (Fig. 5A ), CaT alternans with an AR of 0.29 was observed at the stimulation rate of 1.3 Hz. In both cell types CaT alternans were induced by the conventional square pulse voltage protocols and were observed without apparent alternation in peak I LCC . The average ratios of peak I LCC (Fig. 5B ) measured during a small (I LCC,S ) and a large (I LCC,L ) amplitude CaT were 0.99 ± 0.01 and 0.97 ± 0.05 in atrial (n=4) and ventricular (n=5) cells, respectively. In contrast, the simultaneously recorded CaT ARs were 0.35 ± 0.06 and 0.42 ± 0.12. I LCC recorded simultaneously with the small-amplitude CaT exhibited slightly slower inactivation, presumably due to reduced Ca 2+ -dependent inactivation (CDI).
In summary, with respect to the relationship between I LCC and CaT alternans, these experiments indicate that 1) CaT alternans can be induced without significant beat-to-beat variations in peak I LCC ; 2) CaT alternans can be elicited with a conventional square pulse voltage protocols, an observation that provides additional support for the concept that V m →[Ca 2+ ] i coupling is not a causative factor for cardiac alternans; and 3) since CDI of I LCC is reduced during the small amplitude CaT, I LCC is likely to contribute to the prolongation of APD30 observed during the small amplitude CaT (Fig.1) 51, 52 and in single ventricular myocytes 22 .
In summary, the results demonstrate that suppression of SR Ca 2+ release abolished beat-to beat alternation in APD, further supporting the notion that instabilities in intracellular Ca 2+ handling represent a key factor in the development of APD alternans.
DISCUSSION
In this study, we investigated the interplay between electrical membrane properties and the beat-to-beat [Ca 2+ ] i dynamics that result in the occurrence of cardiac alternans in atrial and ventricular myocytes. The key findings are: 1) Current clamp experiments revealed that APD and CaT alternans strongly correlated in time and magnitude in both atrial and ventricular cells, but the beat-to-beat difference in APD was significantly larger in atrial cells; 2) CaT alternans was observed without changes in peak I LCC , however during the large amplitude CaT CDI of I LCC was more pronounced; 3) voltage-clamp experiments using AP clamp protocols revealed that CaT alternans occurred irrespective of whether cells were stimulated with a series of same-shape AP-clamp protocols or with alternans AP clamp protocols. During the alternans AP clamp protocol no alternans, "in-phase" and "out-of-phase" (as specifically defined above) CaT alternans was observed, indicating that CaT alternans can develop irrespective of AP dynamics; 4) Elimination of SR Ca The multitude of experimental conditions and interventions that cause and modulate Ca 2+ and electromechanical alternans have undoubtedly demonstrated that cardiac alternans is a multifactorial process. While it is well accepted that electrical (APD), mechanical and CaT alternans strongly correlate 23, 53, 54 , a comprehensive mechanism that can explain and predict the occurrence of cardiac alternans has not been fully established to date, although recently progress was made towards a unifying overarching conceptual framework for alternans in ventricular myocytes 14, [55] [56] [57] . In addition, in the process of a unifying theory of cardiac alternans invaluable insight has come from computational models of cardiac Ca 2+ signaling and ion current activity during ECC and APD alternans (for comprehensive reviews and references see 9, 10, 14 ). The key concept behind these computational models is the paradigm that the beat-to-beat regulation of V m and [Ca 2+ ] i are bi-directionally coupled, and feedback mechanisms, often mediated by Ca -dependent ion currents and transporters. In current clamp experiments (Fig. 1) we confirmed that Ca 2+ and APD alternans were closely coupled in both atrial and ventricular myocytes. Alternans developed at pacing rates >1 Hz (Suppl. Fig. I) , there was no temporal dispersion in the onset of CaT and APD alternans, and the degree of APD and CaT alternans correlated closely (Fig. 2) ] i was viewed as the dependent parameter controlled by V m . Application of series of same-shape AP waveforms (AP CaT_Large (Fig.3 A,C) or AP CaT_Small (Fig.3 B, D) ) resulted in CaT alternans in both atrial and ventricular myocytes, i.e. CaT alternans developed, provided the pacing rate was sufficiently high, irrespective of AP duration and shape. In a next set of experiments we applied a voltage clamp protocol that consisted of APs with alternating duration, termed 'alternans AP clamp'. As shown in Fig. 4 with the 'alternans AP clamp' protocol three qualitatively different Ca 2+ responses could be elicited: 1) no CaT alternans; 2) "in-phase" alternans where the large CaT was observed with the AP CaT_Large command, and 3) "out-of-phase" alternans where the large Ca experiments clearly demonstrate that CaT alternans can develop in the absence or presence of APD alternans. Furthermore, the identical 'alternans AP clamp' protocol could elicit "in-phase" and "out-ofphase" alternans in the same individual cell, arguing against the possibility that these results could be attributed to variability between cells. These results strongly argue against V m →[Ca
2+
] i coupling being a dominant causative factor for the generation of CaT alternans in both atrial and ventricular myocytes. . In addition, we have shown previously that beat-to-beat restitution properties of SR Ca 2+ release 28 , as well as the interplay between mitochondria 60, 61 , cellular metabolism 54, 62 and Ca
signaling influence the likelihood of cardiac alternans, providing altogether strong evidence that the primary cause of cardiac alternans lies in disturbances of cellular beat-to-beat Ca 2+ signaling.
Putative mechanisms of CaT alternans.
While evidence in favor of [Ca 2+ ] i →V m coupling as the primary cause of alternans is growing, it is still unresolved which disturbances of Ca 2+ regulatory mechanisms and processes are ultimately responsible for CaT alternans. Here we summarize, in the context of our new experimental data, putative mechanisms. 27, 50 it didn't come as a surprise that beat-to-beat instabilities in [Ca 2+ ] SR were proposed as an underlying mechanism of alternans 27, 63 . Due to the steep SR load -Ca 2+ release relationship a higher SR load is expected to lead to a larger CaT and vice versa. However, contrary to these observations, others have reported CaT alternans without significant change in end-diastolic SR load in single myocytes 28, 54, 64 and intact heart 65 indicating that alternation in diastolic [Ca 2+ ] SR is not a required condition for CaT alternans to occur. Particularly in atrial myocytes the absence of diastolic [Ca 2+ ] SR alternans during cytosolic alternans was a common observation 28, 54, 58 and might be related to the lower expression of the endogenous SERCA inhibitor phospholamban [36] [37] [38] and a higher activity of SERCA and capacity to completely refill the SR on every beat.
SR
I LCC and CaT alternans.
Under the concept of bi-directional coupling of [Ca 2+ ] i and V m , I LCC plays a unique role: I LCC represents the critical trigger for CICR, and SR Ca . This hypothesis, however would have to reconcile the observation that peak I LCC is unchanged during alternans in both ventricular and atrial myocytes (Fig. 5B , see also [27] [28] [29] [30] 54 ). Under the premise that during CaT alternans a large-amplitude CaT requires a larger I LCC one would expect a larger I LCC also to lead to a more pronounced plateau phase and a prolongation of APD. However we observed the opposite: APD30, which is recorded at V m levels that are near maximal activation of I LCC , was shorter during the large amplitude CaT and prolonged when intracellular Ca 2+ release was small. These results, however can be -at least in part -explained by the observation that the large CaT enhances CDI of I LCC (Fig. 5A ) and thus the channel inactivates more rapidly and hence shortens the AP. CDI observed in the cells stimulated with square voltage pulses (Fig. 5) 
Refractoriness of RyR receptors and CaT alternans.
Finally, refractoriness of the SR Ca 2+ release machinery was suggested as a possible mechanism responsible for CaT alternans 28, 65 . This idea was also supported by in-silico simulations 39 . In this case, it is hypothesized that the sum of RyRs (possibly in conjunction with other elements of the SR Ca 2+ release mechanism) show different beat-to-beat degrees and kinetics of recovery from inactivation. The number of available release channels at any given beat depend on how many channels have recovered from previous release. Since the amplitude of a CaT is dictated by the number of activated RyRs, a large CaT will leave a larger fraction of RyRs in an inactivated state and therefore potentially unavailable for subsequent release and, provided the diastolic interval is short enough, leading to a smaller CaT. We have shown previously that in rabbit atrial myocytes RyR refractoriness is indeed prolonged after a large amplitude CaT and the kinetics of RyR recovery from inactivation is a key factor in the generation of CaT alternans 28 .
Alternans in atrial and ventricular myocytes.
The main aim of this study was to establish whether V m →[Ca] i or [Ca] i →V m coupling is the primary mechanism for alternans in atrial cells. To date, this question has been addressed primarily in ventricular tissue 10, 14, 22 and to a much lesser extent in atrial myocytes. To allow for reliable comparison between mechanisms of alternans in atrium and ventricle, we performed analogous experiments under the same conditions in both types of cardiomyocytes. While it is anticipated that mechanisms of alternans in atrial and ventricular cells will share similarities, significant differences are also expected. The main structural difference between ventricular and atrial myocytes is that atrial cells lack or have only a poorly or irregularly developed t-tubule system, [33] [34] [35] resulting in unique Ca 2+ cycling features during ECC. In atrial myocytes lacking t-tubules LCCs are located only in the periphery of the cell and thus, membrane depolarization induced Ca 2+ release first occurs in subsarcolemmal regions and then propagates to the center of the cell. Computer simulations using cell models with and without t-tubules have predicted significant differences in possible alternans mechanisms [39] [40] [41] . The cardiac cell models lacking t-tubules exhibited higher likelihood to develop CaT alternans and pointed towards the role of Ca ] i during atrial alternans found experimentally. As we have shown previously 54, 58, 62 during alternans especially the small amplitude CaT was spatially inhomogeneous, there are intracellular gradients of the AR and subcellular regions can alternate out-of-phase. The latter is of particular interest since the border between subcellular regions alternating out-of-phase is highly susceptible to spontaneous arrhythmogenic Ca handling between atrial and ventricular cells is the lower expression of phospholamban that leads to higher SERCA activity in the atria [36] [37] [38] . The beat-to-beat fluctuation in SR load was proposed as a possible cause of CaT alternans 27, 63 . It is conceivable that the lower SERCA activity in ventricle may contribute to CaT alternans at increased pacing frequencies due to incomplete filling of the SR, whereas a more rapid filling is consistent with the observation that in atrial cells end-diastolic [Ca 2+ ] SR typically did not alternate during CaT alternans 28, 58 .
In this study, irrespective of whether current clamp experiments were conducted in atrial or ventricular myocytes, CaT and APD alternans coincided closely and the degree of CaT and APD alternans correlated well (Figures 1 and 2) . In both cell types the biggest beat-to-beat difference in APD was observed at APD30 (corresponding essentially to the plateau phase of the AP). Nonetheless, there were subtle differences between atrial and ventricular myocytes and measured relative beat-to-beat differences in APD were larger in atrial myocytes. In addition, a slightly higher pacing frequency was needed to induce alternans in atrial myocytes (Suppl . Fig. I ). The basis of this difference between atrial and ventricular cells remains unclear. It is likely that degree of APD alternans is determined by the distinctive set of ion channels and transporters typical for each cell type. For example, ventricle and atrium differ in the activity of Ca 2+ -activated small conductance K + 68, 69 and Ca
2+
-activated Cl -channels 70 , while acetylcholine-activated and ultrarapid rectifier K + channels are expressed exclusively in the atria [71] [72] [73] . On the other hand, duration of the atrial AP is significantly shorter and this per se can result in the bigger relative change of APD, even if atrial and ventricular cells share similar Ca
-dependent mechanisms leading to APD alternation.
To recreate V m changes occurring during APD alternans, voltage clamped cardiomyocytes were paced with cell type specific 'alternans AP clamp' voltage protocols. These experiments demonstrated that CaT alternans can be "in-phase" or "out-of-phase" in both atrial and ventricular myocytes (Fig. 4E) , i.e. a large amplitude CaT can coincide with AP CaT_Large or with AP CaT_Small . Most atrial cells showed exclusively "inphase" alternans, and no atrial cell showed exclusively "out-of-phase" alternans. In contrast, the majority of ventricular cells revealed both, "in-phase" and "out-of-phase" alternans and there was a fraction of ventricular cells that showed exclusively "out-of-phase" alternans. This finding suggests that V m →[Ca
] i coupling might play a more prominent role in atrial than in ventricular cells. In contrast, there seems to be a higher degree of independence of CaT alternans from AP morphology in ventricular cells. Atrial cells, however, have a bigger relative beat-to-beat difference in APD. It is expected that the alternating voltage will affect activity of LCC and Ca 2+ removal by NCX, and thus will significantly modulate stability and severity of CaT alternans. In addition, the shape of the AP was shown to modulate SR Ca 2+ load 74 . Therefore, the bigger relative alternation in APD might make atria more susceptible to alternans and arrhythmias.
Summary and conclusions.
With the combined use of the patch clamp technique and intracellular Ca 
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DISCLOSURES
Novelty and Significance
What Is Known?  Cardiac alternans, described as beat-to-beat variation in contraction, action potential (AP) morphology and intracellular Ca 2+ release, is a recognized risk factor for life-threatening arrhythmias.
 The interplay between intracellular Ca 2+ handling, membrane potential and AP morphology underlies electromechanical alternans, however a mechanistic understanding of the alternans phenomenon is still incomplete. Cardiac alternans is causatively linked to ventricular arrhythmias, atrial fibrillation, and sudden cardiac death. The mechanisms of alternans are complex and the bi-directional coupling between beat-to-beat cytosolic Ca 2+ handling and membrane potential regulation is a key causative factor. This study, for the first time, investigated the relationship between AP morphology and CaT alternans in atria and compared the results with findings from ventricular tissue. In voltage-clamp experiments we showed that CaT alternans can be induced irrespective of the presence or absence of APD alternans, however suppression of Ca 2+ release from sarcoplasmic reticulum abolished APD alternans. Our work reveals new insights into mechanisms and regulation of alternans in atrial cells and demonstrates that atrial and ventricular myocytes share many similarities in the underlying mechanisms, but also exhibit some important differences. Nonetheless, common to both tissues is the key finding that the occurrence of electromechanical alternans depends on beat-to-beat alternation of AP duration and morphology secondary to disturbances in Ca µmol/L of Fluo-4 pentapotassium salt or 75 µmol/L Indo-1 pentapotassium salt (both from Molecular Probes/Life Technologies, Grand Island, NY) was added to the internal solution. Internal solutions were filtered through 0.22-µm pore filters. All experiments were performed at room temperature (22-24°C). For AP measurements the whole-cell 'fast' current clamp mode of the Axopatch 200A was used and AP were evoked by 5 ms stimulation pulses of ~1.5-2 times higher magnitude than AP activation threshold. Cell membrane potential (V m ) measurements were corrected for a junction potential of -10 mV.
For AP-clamp experiments voltage commands in form of atrial or ventricular AP CaT_Small and AP CaT_Large were derived as the average of a typical AP CaT_Small and AP CaT_Large recorded from three individual cells at a stimulation rate of 1.3 Hz and exhibiting CaT alternans with CaT Small /CaT Large ratio of ~0.4 (or AR=~0.6 as defined below). This resulted in two AP prototypes for each cell type that were used as command voltages, where AP CaT_Large refers to the AP morphology recorded in connection with a large alternans Ca 2+ transient, whereas AP CaT_Small was recorded during a small alternans Ca 2+ transient (cf. Fig. 1 
